For a rigorous analysis of the receptor-ligand binding, speciation of the ligands caused by ionization, tautomerism, covalent hydration, and dynamic stereoisomerism needs to be considered. Each species may bind in several orientations or conformations (modes), especially for flexible ligands and receptors. A thermodynamic description of the multi-species (MS), multi-mode (MM) binding events shows that the overall association constant is equal to the weighted sum of the sums of microscopic association constants of individual modes for each species, with the weights given by the unbound fractions of individual species. This expression is a prerequisite for a precise quantitative characterization of the ligand-receptor interactions in both structure-based and ligandbased structure-activity analyses. We have implemented the MS-MM correlation expression into the Comparative Molecular Field Analysis (CoMFA), which deduces a map of the binding site from structures and binding affinities of a ligand set, in the absence of experimental structural information on the receptor. The MS-MM CoMFA approach was applied to published data for binding to transthyretin of 28 thyroxine analogs, each forming up to four ionization species under physiological conditions. The published X-ray structures of several analogs, exhibiting multiple binding modes, served as templates for the MS-MM superposition of thyroxine analogs. Additional modes were generated for compounds with flexible alkyl substituents, to identify bound conformations. The results demonstrate that the MS-MM modification improved predictive abilities of the CoMFA models, even for the standard procedure with MS-MM selected species and modes. The predicted prevalences of individual modes and the generated receptor site model are in reasonable agreement with the available X-ray data. The calibrated model can help in the design of inhibitors of transthyretin amyloid fibril formation.
Introduction
The majority of physiological compounds, drugs and other man-made bioactive chemicals contain ionizable substructures. While electrostatic interactions of the ionized groups play important roles in receptor binding, their combination with the interactions of other ligand parts with the receptor may lead to the situations when several ligand species bind to the same binding site, with the bound species distribution different from that in solution, and varying among the ligands with similar skeletons. This scenario also applies to the species originating in aqueous solutions due to tautomerism and covalent hydration of aldehydes, ketones, and other groups, 1 as well as to stereoisomers, which can sometimes interconvert under physiologic conditions within the time intervals that are relevant for their effects. 2 Whereas a unique binding mode is often considered a hallmark of ligand specificity, a growing body of experimental evidence has documented multiple binding modes, frequently for very similar ligands or, noticeably, even for one ligand. 3 This phenomenon is particularly pronounced for ligands having flexible substructures and interacting with flexible receptors, which are very common thanks to conformational freedom of the side chains of the receptor amino acids and larger-scale macromolecular motions. The multitude of interactions involved in each binding event, atom-level details, complex environment, and other factors make experimental elucidation of the nature of bound species and the conformation and orientation (mode) of each species a formidable task. [4] [5] [6] A quantitative description of the binding affinities of a set of ionizable (or otherwise speciated) and flexible ligands to the receptor in both structure-based and ligand-based quantitative structure-activity relationships (QSAR) requires a proper treatment of the multispecies (MS), multi-mode (MM) situations. The need for a generalized treatment of the MS-MM scenarios, as presented here, has been widely recognized. 7;8 Ligand-based receptor site models, a.k.a. 3D-QSARs or pseudoreceptors, continue to serve as important tools in drug design. In this area, multiple binding modes were first considered in the qualitative Active Analog Approach 9 of Marshall, and quantitatively evaluated in the distance geometry-based and similar approaches by Crippen and his co-workers. Quadratic programming and other sophisticated optimization techniques were used to generate a closefit receptor site model that simultaneously incorporated the best binding mode for each ligand. [10] [11] [12] [13] [14] The Minimum Topological Distance approach, although limited by a hypermolecule concept, also has a potential to consider multiple bound conformations. [15] [16] [17] The most frequently used 3D-QSAR methods, Comparative Molecular Field Analysis (CoMFA) 18 and related approaches, 19 characterize the hypothetical binding site by the regression coefficients that are assigned to the probe/ligand interaction energies (electrostatic, steric, sometimes hydrophobic fields) in individual intersection points of a grid encompassing the superimposed ligands. A treatment of multi-mode ligand binding was attempted by using the interaction energies that were obtained as a weighted average of the energies for individual modes, with either identical 20;21 or different weights 22 corresponding to the expected mode prevalences. The form of the standard CoMFA regression equation, 18 however, differs from that obtained by a rigorous treatment of the multi-mode binding event (see eq 6 below and the accompanying text). Moreover, the mode prevalences depend on the optimized regression coefficients in a nonlinear way (eq 6), and, therefore, cannot be assigned a priori. 23 The distance geometry and CoMFA models, along with the majority of the receptor site models developed later, estimate the binding affinity as the sum of the pair-wise interactions of individual ligand parts with some representation of the putative receptor site. Hopfinger, Dunn, and co-workers used different paradigms. In the Molecular Shape Analysis (MSA) studies, they assumed that the binding affinities are proportional to the overlap volumes of the ligands with the chosen template in an assumed active conformation. To describe the multi-mode situation, the binding affinity was represented by a linear combination of the MSA, field, and other ligand descriptors, which were arranged in tensors resulting from different conformations and superpositions. [24] [25] [26] In the more recent 4D-QSAR analysis, the binding affinities were assumed to depend on the grid cell occupancies, which were created by molecular dynamics simulations of the superimposed ligands. [27] [28] [29] [30] The studies demonstrated the significance of considering conformational sampling in the quality of 3D-QSAR models 31, 32 .
The majority of the aforementioned approaches considers several modes but, in the end, selects one mode for each ligand, which may not correspond to the real situation in many cases. With the advent of more efficient methods of structural analysis, it is becoming apparent that multiple binding modes occur more frequently than expected. 3;33;34 To overcome the possible limitation of one binding mode in QSAR analysis, we have developed multi-mode models characterizing the occurrence of individual binding modes using the Boltzmann prevalences, which are not known a priori but are objectively quantified as a part of the overall model calibration. 35;36 For some ligands, the resulting spectrum of prevalences may point to one dominant mode; for the remaining ligands, however, several modes can be suggested by the model. In addition to increased realism, this description allows a straightforward calibration of the model. The pertinent regression equation is based on the rigorous relationship describing the observed association constant for the multi-mode binding as the sum of the microscopic association constants of individual modes. Nonlinear regression analysis needs to be used because the equation is nonlinear in optimized coefficients. The approach was later implemented 23 in CoMFA. 18 Other approaches aspiring to treat the MS-MM situations were developed by Vedani and coworkers. The QUASAR and Raptor approaches sculpt the receptor site model out of a large set of atom-sized particles located in an envelope surrounding superimposed ligands. 37 A genetic algorithm is used to find a proper distribution of the particle types in the envelope, which provides the sum of interaction energies correlating in a linear way with the experimental binding free energies. The use of a single theory-to-experiment proportionality coefficient to scale the crude ligand-particle interaction energies and other contributions to the total free energy of binding is unusual. For instance, the methods for prediction of binding affinities utilizing known receptor structures, both ensemble-based (Linear Response method 38 as well as its extended 39 and QM/MM 40 versions) and single-structurebased (VALIDATE, 41 the Free Energy Force Field approach, 42;43 COMBINE analysis, 44 and a single-structure Linear Response technique 45 ), routinely use more detailed scaling. In the QUASAR approach, the reduced ability to weigh the energy contributions may be compensated by huge statistical flexibility of the model resulting from the use of several probe types in hundreds of positions on the envelope. The number of degrees of freedom is further increased by the adaptation of the envelope to individual ligand shapes. Although physically corresponding to the induced fit, this step further increases the already high number of degrees of freedom in the model. Considering that even averaged receptor site models, as generated by all other methods, are usually heavily underdetermined, the induced fit that is specific for individual ligands makes a rigorous calibration of the models an extremely tedious task. The final result is represented by hundreds of often dissimilar models, which provide predictions of affinities but are less suitable for the mapping of the binding site.
The multi-mode situation is handled by expressing the total binding energy ΔG as a weighted sum of the contributions of individual modes, with the weights corresponding to the prevalences of the modes. The authors used the term 'fractions' instead of 'prevalences'.
We reserve the term 'fractions' for the species in the solution around the receptor, and use the term 'prevalence' to denote the percentage of the bound ligand that is found in the given binding mode. To avoid confusion, we will use our terminology throughout. Regrettably, the QUASAR methodology seems to be flawed in two aspects: the form of the ΔG expression and the calculation of the mode prevalences.
The overall binding free energy ΔG cannot be calculated as a weighted sum of the mode contributions. The correct relationship is shown in eq 6 below (speciation was not considered at this point, so the j-summation has only one term with the fraction f = 1), with each ln K replaced by the corresponding ΔG/RT (K is the observed or microscopic association constant with the subscript i or ij, respectively, R is the gas constant, and T is absolute temperature). In addition to the form, eq 6 differs from the QUASAR correlation equation in the variables: the mode prevalences are superfluous in the latter equation.
Although called Boltzmann fractions, the QUASAR mode prevalences are actually calculated using a function (eq 2 in ref. 37 ) that differs from the Boltzmann formula. This function was probably chosen to provide for the cancellation of the theory-to-experiment proportionality factor in the expression so that the mode prevalences become independent of optimization and can be calculated before optimization. As discussed above, this is not a feasible endeavor because the prevalences are determined by the final, optimized receptorsite model. Also, unfortunately enough, the prevalences defined in this way do not even add up to 100% for all modes of a ligand.
The QUASAR approach was later applied to a multiple-species situation, without any apparent change in the correlation equation (described above). A comparison with the rigorous eq 6 shows that the QUASAR correlation equation lacks the fractions, f ij , of individual species in the receptor surroundings. The absence of the fractions of individual species in the correlation equation is puzzling because these quantities clearly affect the overall binding affinity of the ligand. To illustrate the issue, let us consider two species (S1 and S2) of the same ligand, with S1 binding 100 times stronger than S2. The same amount of each species will interact with the receptor, if S2 is present in 100-times higher concentration, provided that the binding isotherms are linear (i.e. far from saturation). In a more recent approach called Raptor, the authors neglect electrostatics altogether, using only hydrophobic and H-bond interactions, adding another step that further compromises the analysis of multi-species problems. In Raptor, the induced-fit adjustments were made even more flexible than in QUASAR. The form of the regression equation containing several hundred parameters is unclear: whereas the contributions to the binding free energy of each species/mode were individually scaled initially, 46;47 the scaling is not described in more recent papers. 48;49 In the present study, we examined the importance of the fractions of individual species in receptor binding and, consequently, extended our multi-mode approach by a rigorous inclusion of multiple species. The resulting correlation equation (eq 6 below) is suitable for both ligand-based and receptor-based 3D-QSAR approaches. In this study we validated the MS-MM method using the computationally cheaper ligand-based approach, although for the selected case, the binding of thyroxine analogs to transthyretin (TTR), information on the structures of the receptor and ligand-receptor complexes is available. The structural information was used to assess the quality of the ligand-based model. An advanced MS-MM receptor-based study 50;51 would have required a much longer time frame and more computational resources. The published binding data of thyroxine analogs to TTR were chosen for the validation of the MS-MM approach because (1) the analogs are present in the solution as multiple species under the used experimental conditions; (2) several X-ray structures of the complexes, some exhibiting multiple binding modes, are available for a comparison with model predictions; (3) the experimentally quantified prevalences of individual modes in multi-mode complexes can serve as a rigorous test of model predictions; (4) published affinities of 28 analogs span almost four orders of magnitude, and (5) the case is of medicinal significance. The TTR ligands inhibit the first step in amyloid fibril formation, the dissociation of TTR tetramers. 52;53 Elucidation of structural determinants of TTR binding helps in the development of potential treatments for amyloid diseases. 54;55 
Methods

Data Set
Published data on binding of thyroid hormone analogs to transthyretin, as determined at 37°C using a dialysis method, 56 are summarized in Table 1 . Diiodothyronine (T2) was added to the original data set as compound 21, because experimentally determined prevalences of individual modes were available for this compound and this attribute was important for a more detailed comparison of the model with experimental data. 57 The binding affinity of 21 was determined at 23 °C by fluorescence quenching. 58 Flsuorescence quenching and dialysis method provide similar results, as documented for thyroxine and triiodothyronine. 58 The binding affinity of 21 at 37°C (log K = 5.4) was recalculated using the van't Hoff equation using the published ΔH° (-13.4kcal/mol) and ΔS° (-18.5cal mole -1 deg -1 ) values.
The training set consisted of 22 compounds and the test set is composed of 6 compounds: 4, 9, 13, 15, 20 and 26 ( Table 1 ). The test set was selected to cover a substantial part of the activity range. Compound 10 was excluded from the training set because of singularity caused by the large benzyl substituent, which occupied the grid intersections unreachable by other studied compounds.
Fractions of Individual Species
The binding affinities of the studied 28 ligands 56 were determined at pH 8.0. Under these conditions, the studied compounds will be present in the aqueous solution as several species, which are listed in Table 2 . The carboxyl is regarded as ionized in all species. In the data set, 22 compounds with three ionization sites (OH, NH 2 , COOH) are present as four species; compound 27 (Table 1 ) with ionization sites (OH, NH 2 ) forms similar four species, just without the carboxyl; and five compounds (23, 24, 25, 26, and 28 in Table 1 ) with two ionization sites (OH, COOH) have two species with ionized carboxyl and either OH or O -. The microconstants need to be used for calculation of the fractions. The SPARC on-line calculator 59 was used to calculate, at pH 8.0 and 37°C, the respective fractions, which are shown in Table 1 .
Superposition of Ligands
The template structures for multiple modes were selected from the PDB files for complexes of human transthyretin, 2ROX 60 , 1Z7J 61 , and 1THA. 62 Two other TTR PDB files were not used: 1F86 contains the complex without a typical thyroxine analog ligand and 1ICT has a low resolution. Three dimer crystal structures for the TTR complexes (2ROX, 1Z7J, 1THA) were superimposed by homology using Sybyl, 63 to generate the coordinates for the superposition of the three basic orientations (F, DF and R), which are shown in Figures 6a and 6b, and in Table 4 . The reverse mode template from the PDB file 1Z7J is T4-AA without amino side chain. To obtain a full-size template for a straightforward superposition of tested ligands, an L-T4 molecule with the same orientation and conformation (Φ 1 , Φ 2 and Φ 3 ) as T4-AA was docked into the binding site using the Atom Fit function of Sybyl, and its side chain (Φ 4 and Φ 5 ), and the inner pocket were optimized. In this way, the side chain conformation with Φ 4 = 165.1° and Φ 5 = 346.2° was obtained.
In the MS-MM analyses, each compound was considered in four or two species (Table 1) , and each species in twelve modes. All molecules with specified dihedrals were built in Sybyl 63 and optimized in Jaguar 64 using DFT with B3LYP functional and LAV3P** basis set. Atomic Mulliken charges for individual conformations were calculated by fitting electrostatic potential to atom centers.
For the single-species, multi-mode CoMFA analysis, several variants were used, in twelve modes: the single species with the highest fraction calculated from SPARC for each ligand, as well as all ligands as one species, whereby all four species were examined.
For standard CoMFA analyses, three setups were selected: (1) the most preferred modes and species from the MS-MM CoMFA analysis; (2) the prevalent species in solution and the forward (F) mode, which was used in most studies on thyroxine-protein binding; 12;65-67 and (3) the prevalent species in solution and average energies for all modes.
Multi-Species Multi-Mode CoMFA Studies
The extended CoMFA models were created in Sybyl, 63 with specific routines written in C program and integrated via a script language (SPL). Steric and electrostatic interaction energies X ijk were calculated for each compound in each species and each binding mode at each lattice intersection of a 3-D cubic lattice (2 angstrom in each coordinate direction). An sp 3 carbon probe with a charge of +1 and an energy cutoff 30 kcal/mol was used. The grid extended 4.0 angstrom beyond aligned ligands in all directions with the following coordinates: 10 to 32 angstrom along the x-axis, 32 to 54 angstrom along the y-axis, and -10 to 20 angstrom along the z-axis. The energies X ijk in each grid point were organized in the energy table. The number of rows (1752) is determined by the product of the numbers of ligands (28), species (4 or 2), and modes (12 or more). The number of columns is given by the number of used grid points (1980) multiplied by the number of used fields (2), steric and electrostatic.
Equation 6 is nonlinear in coefficients C, which characterize electrostatic or steric interactions in individual grid points. The choice of one of the two implemented optimization methods depends on the total number (N) of coefficients C in the calibrated model and on the number of compounds (n). Nonlinear regression analysis is applied when N ≤ n/2. Otherwise, the developed software automatically switches to the partial least squares (PLS) analysis with a linearized form of eq 6. 23 The second option was never used in this study because acceptable models were found with N < n/2. Both optimization methods are sensitive to good initial estimates. Therefore, a forward-selection procedure, conceptually similar to that we used before for multi-mode analysis, 23 was a natural choice.
Before analysis, the variables (energy columns) were sorted using the following criteria: (1) high and sustained variability, (2) the minimal number of co-linear columns with similar information, and (3) an even distribution of selected grid points around the ligands. Sustained variability means that the energy values cover the whole interval more or less evenly and are not clustered at one end. An extreme case is the situation; when all energies in a given column are equal (usually zero) and only one or two modes have different energies. These singularities originate when the structures in only one or two modes protrude into a spatial region and other modes do not affect the energies in that region. These modes need to be eliminated from the analysis because they do not provide statistically significant information about the poorly covered region.
The model calibration can be steered by user-defined inputs, for which the default values are shown in parentheses. The process starts with a quick scan through the models consisting of a few (4) variables, which are randomly selected from the top variables (10 %). The initial values of coefficients C (±0.1) are systematically evaluated by a grid search. In this step, no optimization is applied and eq 6 is evaluated for the input values of the coefficients. For the best models (top 10 % r 2 ), coefficients are optimized. At each of the following steps, a reduction of the number of coefficients is attempted: the coefficients are eliminated, for which the process does not lead to a decrease in the r 2 value. The best models (top 5 % r 2 ) are developed by a gradual addition of groups of a few (3) variables, until all variables from the selected set (top 10 %) are used. The procedure is finalized by fine tuning of the best models (top 5 % r 2 ) by addition of single variables. The best model is selected on the basis of the following criteria: N, r 2 for the full set and for the leave-one-out cross-validation on the training set, and the standard errors of the parameters.
The description statistics, calculated for the training set, consists of the sum of squares of errors (SSE), i.e. differences between calculated and experimental values, and the squared correlation coefficient r 2 = 1 -SSE/SYY, where SYY is the sum of squares of deviations of the experimental ln K values from their average. The prediction statistics contains similar indices calculated for the test set that was not used in the development of the model: predictive sum of squares of deviations between predicted and experimental values (PRESS), and the squared correlation coefficient q 2 = 1 -PRESS/SYY.
Results and Discussion
Thyroxine hormones exist in human body in two forms, which are inter-converted in liver: 3,5,3',5'-tetraiodo-L-thyronine (thyroxine, T4, 15 in Table 1 ) and 3,5,3'-triiodo-L-thyronine (T3, 14 in Table 1 ). 68 The active hormone, T3, has several functions in human body, including stimulation of metabolic rates and increasing the heart function. 69 
Studied Data Set
Structures of the studied thyroxine analogs and their properties are summarized in Table 1 . The molecules are moderately flexible, with the main conformations defined by five dihedrals (Figure 1 ). 70 The side chain corresponding to C7-C8(N8)-C9(O9)-O10 in Figure 1 is referred to as R 1 in Table 1 .
Published binding affinities of thyroid hormone analogs to transthyretin, 56 as determined by a dialysis method at 37° C, were used (Table 1) , along with the data for 3',5'-diiodo-Lthyronine 57 (T2, 21 in Table 1 ). The binding affinities of the 28 ligands were determined 56 at pH 8.0.
Under these conditions, the carboxyls of all studied analogs completely ionize, while the NH 2 and OH groups undergo partial ionization. The pK a values of the NH 2 and OH groups are quite similar, and two species with the same overall charge (NH 2 and OH, as well as NH 3 + and O -) need to be taken into account. All considered species are listed in Table 2 . The species classification is based on the charges of ionizable groups. As a result, the species with the same number may have different overall charge, as indicated in Table 2 . This species numbering was chosen because of the belief that the group charges are more important for specific ligand-receptor interactions than the overall charge of the molecule. However, it should be noted that the results are independent of species and mode numbering because the species-and mode-related terms are occurring in summations, and the only arrangement that matters is the correct association between the fraction of given species and its probe energies (eq 6 below).
The studied ligands exhibit rich protonation equilibria resulting in most cases from ionization of NH 2 and OH groups, while the carboxyl is ionized in all cases where applicable. The amino acid derivatives 1 -22 (Table 1) form four species with the charges -2, -1 (two species), and 0 (Table 2) . Compound 27 lacks the carboxyl and the charges of individual species are higher by one. Analogs 23 -26 and 28, lacking the amino group, form only two species differing in the ionization of the hydroxyl group.
Taking into account the importance of electrostatic and H-bond interactions in the ligandreceptor binding, the fractions of individual species need to be carefully characterized. The SPARC on-line calculator 59 was used to calculate, at pH 8.0 and 37°C, the respective species fractions, which are summarized in Table 1 . The ionization patterns are determined by the ionization state of phenolic hydroxyl group, which is promoted by the presence of halogen substituents in the phenolic ring.
Compounds containing halogen atoms in one (3') or two (3' and 5', Figure 1 ) positions of the phenolic ring undergo extensive deprotonation of the hydroxyl group leading to the dominance of species 2, where the ionized hydroxyl is combined with the ammonium group. Species 2 can be accompanied by significant fractions of either species 1 with protonated hydroxyl and amino groups (compounds 17, 19, and 28) or species 4, where both protons were removed (compounds 2, 8, 15, and22) or both species 1 and 4, decreasing in this order (compounds 1, 9, 11, and 14). Species 2 is the only significant species for compounds 16, 21, and 23-27, with the last group lacking NH 2 group in the amino acid side chain. The overall charges of individual species differ as shown in Table 2 .
Compounds 3 -7, 10, 12, 13, 18, and 20 exhibiting non-halogen substitutions in the phenolic ring have the phenolic hydroxyl group mostly in the neutral, protonated form. This pattern leads to the dominance of species 1 with overall charge 0, and significant fractions of species 3 with overall charge -1.
For two or more ionizable groups, the dissociation macro-constants are equal to the microconstants only if the pK a values differ by 3-4 units. The pK a values of the phenolic hydroxyl and the amino group of the studied ligands are closer than the limit. In such situations, the acidities of the ionizable groups are not sufficiently different and lead, at a given pH value of the medium, to the presence of the pairs of equally charged species, in which proton binds alternatively to one of the two ionizable groups. As follows from Table 2 , such pairs are formed by species 2 and 3 for compounds 1-22 and 27. The less abundant species typically represents 5-10% of the prevalent species in the pair (Table 1) , which is a significant portion that needs to be considered in the MS-MM analysis.
The contributions of the species with nonionized carboxyls to the protonation equilibria were neglected because the respective fractions would be smaller than 0.01% in the binding experiments (pH 8.0). Hypothetically, nonionized carboxyl could participate in H-bond, while ionized carboxyl could act as H-bond acceptor or form a salt bridge with a positively charged receptor atom. The difference in energies of these interactions should not lead to an increase in the binding affinity by 3-4 orders of magnitude that would be necessary for the species with fractions below 0.01 % to significantly contribute to overall binding.
Binding of Thyroxine Analogs to Transthyretin
Thyroid hormones bind in the blood to transporting proteins, thyroxine-binding globulin, transthyretin (TTR), and albumin. 71 TTR, exhibiting the highest binding capacity for T3 (14 in Table 1 ) among the shown proteins, is composed of four identical monomers, each consisting of 127 amino acids 72 and having an extensive β-sheet structure. 73 A channel running through the center of the compact tetramer contains two nearly symmetrical binding sites. 73, 57 The sites differ widely (up to two orders of magnitude) in the binding affinity 74, 75 because of negative cooperativity. 76 Monomers, released by the dissociation of the tetramer, may misfold and aggregate into protofilaments, filaments, and, under appropriate conditions, into amyloid fibrils. 52 TTR ligands stabilize the tetramers and inhibit the process of TTR fibril formation in vitro. 77 Several classes of amyloidogenesis inhibitors were developed utilizing this principle. 54;55;78-80 An X-ray structure of transthyretin with one thyroxine molecule in each binding site is shown in Figure 2 .
Each binding site consists of three pairs of binding pockets: 65 inner pocket defined by Leu110, Ser117, Thr119; middle pocket defined by Leu17, Thr106, Ala108, Ala109, Val121; and outer pocket defined by Lys15 and Glu54 (Figure 3 ). Three binding orientations were observed in the X-ray structures of the transthyretin complexes with thyroxine analogs (PDB files 2ROX, 83 1Z7J, 61 and 1ICT 81 or 1THA 82 ). They are characterized by the iodine positions in the three pockets, 57 as summarized for thyroxine in Table 3 and Figure 3 . In the forward (F) orientation, 5'-iodine binds in the inner pocket, 3'-iodine binds in the middle pocket, and 3-and 5-iodines both bind in the outer pockets. 83 The interaction of the ionized carboxyl group of thyroxine with Lys15 of the C chain pushed the molecule deeper into the binding pocket. The resulting deep forward (DF) orientation is characterized by the shift of the 3'-iodine into the inner pocket and the binding of 3-and 5-iodines in the middle pockets. 81, 82 The thyroxine molecule is completely flipped in the reverse (R) orientation: both 3-and 5-iodines bind in the middle pockets and 3'-and 5'-iodines protrude into the outer pockets 61 (Table 3 , Figure 3 ).
Conformations of Ligands
Thyroxine derivatives bind to transthyretin in multiple binding modes (Table 3, Figure 3 ). The ligands extracted from the PDB files 1ICT, 2ROX, and 1Z7J served as the templates for the deep forward (DF), forward (F), and reverse (R) orientations, respectively. The ligand from the PDB file 1Z7J, T4-acetic acid (T4-AA; ligand 23 in Table 1 ), lacks the amino acid chain that is present in ligands 1-22 (Table 1) . To obtain a suitable template for the reverse orientation, thyroxine (15, Table 1 ) molecule with the same orientation and conformation (dihedrals Φ 1 , Φ 2 , and Φ 3 , Figure 1 ) as T4-AA was docked into the binding site and its side chain was optimized to obtain dihedrals Φ 4 and Φ 5. The magnitudes of dihedrals for all templates are summarized in Table 4 .
The X-ray structures indicate that the ring substituents form predominantly hydrophobic bonds within the binding pockets and do not participate in other interactions. Since hydrophobic interactions do not exhibit strong directional preferences, we decided to examine, in addition to the three binding orientations shown in Table 3 and Figure 3 , the conformations resulting from flipping the two benzene rings of ligands by 180°. Similar approaches to the generation of binding modes have been used previously. 23;35;36;84-87 As illustrated in Figure 4 , mode A is the experimentally observed conformation, from which other modes were derived by flipping the phenolic ring by 180° (conformation B), the tyrosine ring by 180° (conformation C), and both phenolic and tyrosine rings by 180°( conformation D).
In summary, twelve binding modes were generated, as listed in Table 4 , representing four different skeleton conformations for each of the three orientations (DF, F, and R). It should be noted that species and modes have equivalent representation in the correlation equation (eq 6), and the results are independent from their numbering.
Additional Modes for Compounds with Flexible Substituents
Compounds 3, 5, 6 and 10 (Table 1 ) contain, in position 3', flexible alkyl substituents with several rotatable bonds (isobutyl, n-propyl, s-butyl, and benzyl, respectively). Estimating exact conformations of alkyl chains in both ligands and receptors in the complexes is a challenge because of the inherent flexibility. In the X-ray structures, alkyls are often found in the regions of undefined electron density, indicating multiple binding modes.
To account for the increased potential to form multiple binding modes for compounds 3, 5, 6 and 10, each of the four skeleton conformations (A, B, C and D) obtained by flipping both phenolic and tyrosine rings, were expanded by utilization of several substituent conformations. A systematic conformational search was used to find low energy conformations of the alkyl chains, focusing mainly on the extended (protruding outward and occupying more space) and folded (occupying minimal space without steric clash) conformations. Four alkyl conformations, two extended conformations (e1 and e2) and two folded conformations (f1 and f2) were selected for compounds 3, 5, and 6, and three alkyl conformations (e1, e2, and f1) for compound 10 ( Figure 5 ). Eventually, compounds 3, 5, and 6 were represented by 192 total structures each (4 species × 3 orientations × 4 skeleton conformations × 4 alkyl conformations), and compound 10 was represented by 144 total structures (4 species × 3 orientations × 4 skeleton conformations × 3 alkyl conformations). In this context, a structure means the molecule characterized by ionization species, orientation, and conformation (the skeleton conformation for all compounds, plus the alkyl conformation for compounds 3, 5, 6, and 10). Geometry changes of symmetric alkyl substituents, i-Pr in compound 4 and t-Bu in compound 7 are less significant, and these compounds are not expected to form multiple binding modes based on the substituent conformations.
Superposition
Three crystal structures of the TTR dimer complexes (PDB files 1THA, 2ROX, 1Z7J,) were superimposed by homology, to generate the coordinates for the superposition of the three orientations (DF, F, and R; Figure 6a ). Four skeleton conformations (A, B, C, and D) or their multiple versions with flexible substituents of each species for each compound were superimposed on these templates (Figure 6c ). For MS-MM analysis, 1720 structures were superimposed: 28 compounds, each comprising two or four species (Table 2) , and either twelve, thirty six (compound 10) or forty eight (compounds 3, 5, and 6) modes for each species ( Figure 6 ).
The single species, multi-mode CoMFA procedure was performed for each species (Table  2) , as well as for the major species at pH 8.0 (Table 1 ). The pertinent species was superimposed in three different orientations (Figure 6b ), each orientation containing four, twelve (compound 10) or sixteen (compound 3, 5 and 6) conformations. In these cases, 468 structures were superimposed in total.
For the standard (single-species, single-mode) CoMFA procedure, three approaches were applied. In the first approach, the most prevalent species and modes for each compound from multi-species, multi-mode CoMFA analysis were included in standard CoMFA analysis. In the second approach, only forward modes of predominant species for all compounds were considered. In the third approach, for each compound, the average energies of all modes of predominant species (species with the highest fraction at pH 8.0) in each lattice point were considered.
Multi-Species, Multi-Mode Binding Equilibria
The studied compounds can be present in the solution as two (23) (24) (25) (26) 28) or four species (1-22, 27) thanks to ionization (Table 2) . No tautomers or hydrates are expected to exist for these compounds, according to the predictions by the SPARC web server, 59 but the conclusions in the following general discussion would apply to these species would they have been encountered.
The ligand species in any solution conformation can approach the receptor and bind in a conformation that is usually different from the prevalent solution conformation. An extensive analysis of the structures of 150 complexes in the PDB showed 88 that ligands bind in the global and local minimum energy conformations with almost zero and less than 40% probabilities, respectively. The strain energies to the closest local minimum often reached significant levels, e.g. 9 kcal/mol for more than 10 % bound ligands, with higher penalties associated with more flexible molecules. The vast majority of the ligand-receptor complexes are formed by noncovalent interactions. For these complexes, the change from the solution conformation to the bound conformation is usually fast, and can be treated as practically instantaneous. The energy loss, calculated as the energy difference of bound and free ligand conformations, can be incorporated directly into the correlation equation. For these reasons, the Boltzmann distribution of conformations in the solution need not be accounted for in a description of overall binding (an opposite view has been presented 17 ).
Individual ligand species occurring in the solution differ in structures of some groups or fragments and, consequently, have different binding affinities. Changes in the ionization, tautomer, or hydrate state upon binding are much less probable than a change of conformation. Therefore, in contrast to the conformations, the fractions of individual species in the solution around the receptor play an important role in the description of binding. One could easily envision some exceptions to these expectations. For instance, a protomer could change the pK a value upon binding, and convert to other species under the given conditions. The probability of the conversion depends on the overall binding energetics of each species, and on the structural predisposition of the receptor to accommodate/supply the released/ bound protons for ionization conversion and water for hydrate conversion. The conversion would require a more complex description of binding equilibria. Since no experimental information is available on this complex phenomenon, we will treat the species binding as if no conversion is taking place upon binding. Since each species has a specific binding affinity, the species distribution of free and bound molecules is generally different. Each binding equilibrium represents the receptor binding of the i-th ligand in the j-th species and the k-th binding mode, and is characterized by the microscopic association constant K ijk .
In principle, the number of species s and the number of binding modes m can differ for individual ligands. To avoid double indexing, s and m represent the maximum numbers of species and binding modes for the tested ligands. The missing species or modes of some ligands will have zero fractions f ij or zero association constants K ijk , respectively (see below).
The association constant for the i th ligand bound as the j th species in the k th binding mode is defined as (2) The microscopic association constants are the relevant quantities to be correlated with structure. Experimentally, however, the total association constant is usually determined. The measured equilibrium constant of the i-th ligand K i reflects the total concentration of the ligand/receptor complexes, without distinguishing between complexes differing in species or in binding modes [LR ijk ]. To express the total association constant as a function of the microscopic association constants K ijk , a series of rearrangements needs to be made, as shown in eq 3: (1) The fractions f ij are assumed to be identical in the defined aqueous solution with and without the receptor. For speciation due to ionization, tautomerism, and hydration of aldehydes, ketones, and other groups, this is a plausible assumption, which is satisfied when the pH of the medium and the water activity are the same in bulk water and around the receptor.
Combining eqs 2 and 3, the expression relating the microscopic and total association constants reads: (4) where f ij is the fraction of the j th molecular species in the i th compound in the solution. For compounds present in the solution as one species, the simple eq 4 is in accordance with published analyses of formally analogous situations: the statistical thermodynamic 89 and equilibrium 35;36 treatment of multi-mode binding in ligand/protein interactions and kinetic analyses of a reversible uni-molecular reaction leading to different products 90 or isomers. 91 For ionization equilibria, the expressions for the fractions f ij of the j-th species can be derived from the definition of the ionization constants. In the case two or more ionization groups, attention must be paid to the actual macroscopic pK a values. If the pK a values are closer than 3-4 units, the ionization tendencies of the two ionizable groups are not clearly separated, and mixed species may occur. Consequently, such pK a values are no longer equal to the microconstants, and multiple species can have the same charge (e.g. neutral molecules and zwitterions as two species with the zero charge).
The prevalence of the k-th mode of the j-th bound species for the i-th ligand is: (5) The numerator and denominator come from eqs 2 and 3, respectively. The third quasiequality ensures that the sum of all s×m prevalences equals unity. The prevalence of the j-th bound species in all modes and the prevalence of the k-th bound mode in all species can easily be summed up from the summands calculated by eq 5.
Mulit-Species Multi-Mode CoMFA Studies
For the application in CoMFA, eq 4 needs to be logarithmized and the microscopic association constants must be expressed in terms of the ligand-probe interaction energies X for the probes, which are placed in individual cross-sections (total number g) of a grid surrounding the superimposed ligands: (6) Here, C are the regression coefficients characterizing the weights of the energies X, one coefficient per grid point and energy type. Two types of interaction energies, steric and electrostatic, are usually used; hence, the number of optimized coefficients is formally 2×g. The number of coefficients is minimized in the coefficient calibration procedure. The subscripts of interaction energies X and species fractions f indicate the relatedness to the i-th ligand, j-th species, k-th mode, and l-th grid point. Other contributions to the binding free energy (the differences upon binding in conformational energy, entropy, solvation) can be added to the summation in the exponents. In this case, we only used the CoMFA energies because the size of the used data set (28 compounds) did not allow a rigorous optimization of more than seven or eight coefficients C. The regression coefficients are associated with the grid points, and, consequently, are independent of the species and modes. Therefore, the inclusion of multiple species and multiple modes does not increase the number of optimized regression coefficients C. For the same reason, the final set of optimized coefficients is independent of the numbering of individual species and modes.
CoMFA models were created in SYBYL, with the multi-species, multi-mode routines written in C language and integrated into SYBYL using the Sybyl Programming Language (SPL) scripts. An sp 3 carbon probe with a charge of +1 was used, with an energy cutoff 30 kcal/mol. For a comparison, reduced models considering only single species and multiple modes, as well as standard (one-species, one-mode) CoMFA model were also generated. The respective superpositions are shown in Figure 7 .
Model Calibration and Selection
Our goal was to find the minimal best-fitting model (eq 6) with acceptable statistical criteria, as common in many areas of science. In the calibration procedure, 21 compounds were used as the training set. The test set consisted of 6 compounds. Compound 10 was excluded from calibration because of singularity caused by the large benzyl substituent, which occupied the grid intersections unreachable by other studied compounds. Equation 6 is nonlinear in coefficients C, which need to be optimized by nonlinear regression analysis, requiring the initial estimates of C. The extensive search based on the selection of variables and a systematic variation of the initial estimates gave rise to more than 100,000 calibrated models. The final models were selected based on the subsequent application of the following criteria for the training set: r 2 , q 2 , the maximum relative standard deviation of optimized coefficients, and the number of used coefficients. The q 2 values were calculated for the leave-one-out procedure on the training set, starting with the selected variables and the initial estimates providing the respective r 2 value. The main goal of this exercise was the identification of instable models, because the usefulness for cross-validation was limited under these conditions. The numbers of multi-mode models, including both single-species and multi-species models, which satisfy the mentioned criteria are given in Table 5 .
The best CoMFA models in individual categories are summarized in Table 6 and characterized by the description and prediction statistical indices. The numbers of adjustable coefficients for individual situations are also shown. Descriptive abilities (SSE, r 2 ) were good in all shown cases, and especially for the classical PLS-based models. The consideration of multiple modes (lines 1 -3) improved the predictive abilities (PRESS, q 2 ). The standard CoMFA model that was built using the most preferred species and modes from multi-species, multi-mode analysis shows similar predictive ability as is that of the MS-MM analysis itself, emphasizing the importance of multiple species and multiple modes consideration. We unsuccessfully attempted to increase the comparatively low descriptive ability of the most complex model (line 1) by using the selected variables and initial estimates from the single species model (line 2). The multi-mode, multi-species model (eq 6) and the single species, multi-mode model (eq 6 with one fraction f set to 1) contain the same numbers of nonlinear adjustable coefficients C and differ in the used equations, so the extrapolation from simpler to more complex models is not as straightforward as we are used to for models of the same functional forms, differing in the number of optimized coefficients. The addition of multiple species to the multi-mode CoMFA analysis led to a better predictive ability (PRESS, q 2 ) of the model in terms of the deviations from the experimental binding affinities, although the improvement is not impressive. However, the predictions for individual binding modes were in a much better agreement with experimental data for the multi-species CoMFA model (see Table 9 below). The standard CoMFA analysis with the averaged energies showed poor predictive ability. The calculated and predicted binding affinities of the training set and the test set, respectively, as related to the experimental data, are shown in Figure 8 .
Predicted Binding Orientations
The results for the multi-species, multi-mode model, calculated using eq 5, are shown in Table 7 . The sum of the prevalences of the four conformations (A, B, C and D) is also given to emphasize the contributions of the three basic binding orientations (DF, F, and R). Twelve out of 27 compounds (compound 10 was excluded from the prediction because of singularity caused by the large benzyl substituent) bind in one major orientation with the prevalence ≥ 90%: five compounds (4, 6, 7, 20, and 23) bind in DF orientation, six compounds (1, 2, 22, 24, 26 , and 27) bind in R orientation, and thyroxine (15) How are the binding preferences associated with the structural features of the binding site? The inner and middle pockets contain H-bonding serine and threonine residues, and the nitrogen and oxygen atoms of the peptide backbone, while the outer pockets are formed by charged lysine and glutamate residues (Figure 3) . The contacts made with the iodine atoms of the ligands are also tighter and more numerous as a direct result of the architecture of the binding site which flares out in a trumpet shape as the distance from the channel centre increases. Thus the contacts for the outer pockets occur mainly through the side chains of amino acid residues, while those for the inner pockets often involve the peptide backbone itself.
The effects of ligand structure on binding orientations and affinities are difficult to predict, as seen in the following examples. A subtle change in 3' substituent from i-Pr (compound 4) to n-Pr (5) causes the shift in preference from DF orientation (4) F orientation is the least dominant orientation: it is adopted by 12 compounds, in all cases combined with DF and/or R orientations. This orientation is three times (compounds 14, 17 and 18) shared exclusively with the similar DF orientation, six times (3, 5, 15, 16, 21 , and 25) with dissimilar R orientation, and three times (9, 11, and 19) with both DF and R orientations.
The most frequently occurring R orientation is observed with prevalence >10% for 20 of 27 compounds. Ten (2, 8, 12, 16, 21, 22, and 24-27 ) of twelve compounds having both 3' and 5' positions filled with non-H atoms have high prevalences of R orientation, except compounds 15 and 23. Compound 23 exhibits dominant DF orientation because its butyrate group is too large to allow all four halogens to make the interactions typical for R orientation. A small fraction of compound 15 is binding in R orientation, although F orientation dominates.
The tetra-iodo-substituted compounds 2, 15, and 23-27 prefer to bind in R orientation but this ability depends on the side chain. Too long (23) or too short side chains (25) lead to the preference for other orientations. For the alanyl side chains, the L configuration (15) is less supportive of R orientation than the D configuration (2).
Compound 21 exhibits a peculiar combination of two dissimilar binding orientations, R and F. The presence of two phenolic iodine substituents and the absence of tyrosine iodines explains the preference for the R binding orientation in which both phenolic iodines make stronger interactions with the entrance of the binding site, and F orientation in which both the phenolic iodines experience a forward penetration to make strong interaction with the binding pocket.
For compounds 3, 5, and 6 with flexible alkyl substituents in position R 3 ', the break-down of individual skeleton conformations into the contributions of the two extended (e1, e2) and two folded (f1, f2) substituent conformations ( Figure 5 ) is shown in Table 8 . Compound 3 is mostly bound with extended isobutyl substituent in the A and C skeleton conformations and F orientation. Compound 5 binds mostly in two modes: the A and C skeleton conformations with extended n-propyl substituent conformations in F orientation, as well as the B and D skeleton conformations with the folded n-propyl substituent conformations in R orientation. Compound 6 binds in the DF orientation in B and D skeleton conformations, with about equal representation of the extended and folded s-butyl conformations.
Binding Orientations: Experiment vs. Prediction
Double orientation prevalences for compound 14, 15 19, 21, and 22 have been established by published X-ray diffraction studies based on the relative intensities of iodine peaks in inner, middle and outer pockets of transthyretin. 57 These experimentally determined orientations are as follows: for compound 14, 70% F and 30% DF or, alternatively, 45% F and 55% R; 57 for compound 19, 70% F or R, 30% DF; for compounds 21 and 22, 60% R and 40% F, respectively. The orientation templates from two PDB files, compound 15 from 2ROX and compound 24 from 1Z7J, where no multiple modes were detected, can be considered as having 100% of the observed F and R orientations, respectively. The ligand in PDB file 1ICT that was used as the DF template, was not studied because no experimental affinity was available. The orientation prevalences predicted by the MS-MM model are in good agreement with the experimental data, except for compound 22 as shown in Table 8 . For compounds 14, 15, 21 and 24, the predictions are within 15-20% of experimental data. For compounds 19 and 22, the major modes are identified. Consideration of multiple species seem to be necessary for prediction of binding orientations: the SS-MM CoMFA analysis did not pick the major binding modes for compounds 14, 15, and 19 exhibiting F orientation and compound 21 exhibiting R orientation as their major binding modes, although it correctly identified the orientations for compounds 22 and 24 (Table 9 ).
Binding Species
The binding prevalences for different species (Table 2) of each compound were calculated using an equation based on eq 5. For each species, the contributions of the twelve modes were calculated (see Supplementary Material). The prevalence distribution for the bound molecules according to the multi-species, multi-mode model is shown in Table 10 , summarized for the three binding orientations. Species 1 is practically absent for each bound compound. Species 2 is only dominant for compound 16 and then for the deaminated compounds 23-26 and 28, which do not form species 3 and 4. Species 3 prevails in the bound molecules of compounds 4, 7, 12 and 13. The remaining 18 compounds prefer to bind as species 4.
There are no clear-cut correlations between the fractions bound in remaining three species and given orientation that would cover the entire set of compounds. Some qualitative patterns were seen for compounds bound preferably (> ~50%) in given orientation and given species: F orientation is associated with species 4 (compounds 14, 15, 17, and 19) ; R orientation is associated with species 2 (compounds 16, 24-27) or species 4 (compounds 1,  2, 5, 8, 21, 22, and 27) ; and DF orientation is associated with species 2 (compounds 23 and 28) or species 3 (compounds 4 and 7) or species 4 (compounds 6, 9, 11,and 20) .
The published summaries of experimental observations state that the hydroxyl group contributes to binding more in the ionized form 58 and the amino group negatively affects the binding. 56 The first statements holds for 16 (1 -3, 5, 6, 8, 9, 11, 14, 15, 17 -22 ) of 27 compounds, for which species 4 is only marginally present in solution (Table 1) but predicted to be the most abundant (prevalences ≥ 60%) bound species (Table 10 ). The majority of these compounds (except 1, 2, and 22) bind significantly (>20%) in F or DF orientations (Table 7) as species 4. These orientations maximize the electrostatic interaction of the ionized carboxyl of the ligands with the NH 3 + group of Lys15. This interaction is stronger in species 4 with nonionized amino group of the ligand as apposed to ionized amino group in species 1 and 2. In these cases, the prediction is consistent with the second published statement about the amino group negatively affects the binding. 56 For the five deamino compounds (23-26 and 28) , species 2 (O -, COO -, Table 2 ) is the dominant species in solution and also the major bound species (almost 100%). The same behavior is predicted for compound 16.
Compounds 3-7 and 13 with alkyl substituents in position 3' and H in position 5' are present in solution mainly as species 1 (Table 1 ) and bind as species 3 and 4 ( Table 2 ). Compounds 4 and 7 with s i-propyl and t-butyl respectively, in position 3' prefer to bind in DF orientation (Table 7) as species 3 (Table 7) , with nonionized phenolic hydroxyl group possibly making H bond interactions with Ser 117 residues of inner binding pockets. These are the only compounds for which species 3 is dominant bound species. In contrast, their counterparts with i-butyl (3), n-propyl (5), and s-butyl (6) groups in position 3', adopting several orientations, bind as species 4. Compound 27 with CH 2 CH 2 NH 3 + side chain group is predicted to bind as both species 2 and 4. Compound 13 with methyl group at 3' position prefers to bind as both species 3 and 4, whereas compound 12 with methyl groups at both 3' and 5' positions prefers to bind as species 2, 3 and 4. Compounds that are predicted to bind significantly in R orientation (1, 2, 8, 12, 16, 21, 22, 24-27 ), bind preferentially as species 2 and 4, with their phenolic ring pointing outside of the outer pocket where the ionized hydroxyl group forms an electrostatic interaction with Lys15.
Species Presence in Solution vs Bound State
The correlation of the species fractions in aqueous solution and species prevalences in binding is shown in Figure 9 . The differences between ionization tendencies of the free and bound molecules originate from the differences in the interaction energies of individual species. For instance, species 2 of compounds 2, 8, 15, 19, 21, and 22 (shown in the lower right corner of Figure 9 ) have low binding prevalences, although they are well represented in the aqueous solution. The same compounds exhibit the opposite preferences for species 4, as can be seen in the upper left corner of Figure 9 . Compound 20, which exists in solution as species 1 and 3 with nonionized hydroxyl group in the phenol ring, undergoes deprotonation to preferentially bind as species 4 in DF orientation. For the descriptive and predictive ability of the model, the inclusion of multiple species and multiple modes was crucial (Table  7) . Unfortunately, no experimental data (proton inventory of binding using calorimetry in buffers differing in solvation enthalpies of protons 92;93 ) are currently available to test these interesting predictions.
Contour Maps
The steric and electrostatic contours for the MSMM CoMFA model are shown in Figure 10 , along with three binding mode templates and the key residues of the receptor from the X-ray structure with PDB code 1ICT.
There are two sterically favorable green regions in the middle and inner pockets of the binding site accommodating lengthy and bulky alkyl groups occupying 3' position in compounds binding in DF modes. Three yellow steric hindrance regions define the middle and inner pockets.
The outer pocket shows a comparatively complex pattern of the red and blue regions, favoring negative and positive potentials, respectively. This pattern characterizes the locations of flexible Glu54 and Lys15 residues in both chains of both carboxyl and amino groups in the outer pocket while binding in F and DF modes, and the presence of deprotonated phenolic hydroxyl group while binding in R mode.
The receptor site map for the multi-mode CoMFA model (not shown) bears some similarities to the multi-species, multi-mode model: steric hindrance regions in similar locations in the middle and inner pockets; and a contour favoring positive and negative charges in the entrance of the pocket. The contours for the standard CoMFA model (not shown) are rather imbalanced: they predict regions favoring positive and negative charges around the inner pocket as well as a sterically favorable region in the middle pocket.
Conclusions
The multi-species, multi-mode (MS-MM) CoMFA model was rigorously developed and used to describe structural determinants of the binding of thyroxine analogs to transthyretin. The superposition was based on three experimentally determined binding orientations of the thyroxine ligands. Compared to the MM and standard CoMFA analyses, the MS-MM CoMFA model has shown a better predictive ability. The predicted prevalencies of individual binding modes are in good agreement with published experimental X-ray studies documenting multiple modes. The created receptor site models are consistent with structures of the binding site and of the ligands, and provide clues for elucidation of structural determinants of binding affinities. Consideration of multiple modes allows examination of different binding conformations of alkyls and other flexible substituents. Inclusion of multiple modes and multiple species was crucial for obtaining models with good predictive ability that was documented even for standard CoMFA models with the species and modes selected by the MS-MM procedure. If further analyses confirm the applicability, the MS-MM CoMFA model has a potential to become an important tool for prediction of binding affinities in the absence of experimental data on the receptor structure. Such a model is long overdue because the majority of physiological compounds and man-made bioactive chemicals ionize under physiological conditions. Ionized molecules are more soluble in water, exhibit more selective transport and tend to bind less to non-target proteins and membranes, as compared to nonionized molecules. These traits make them better candidates for specific 'bullets' targeting selected functions in the cell. Conceptual structure-based and ligand-based models for prediction of their binding affinities are prerequisites for the utilization of this potential.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Heavy-atom connectivity and numbering of the skeleton of studied thyroxine analogs. The conformation of the diphenyl ether skeleton is defined by dihedrals Φ 1 (C3-C4-O4-Cl') and Φ 2 (C4-O4-C1'-C2'). The amino acid side chain conformation is given by dihedrals Φ 3 (C2-C1-C7-C8), Φ 4 (C1-C7-C8-N8), and Φ 5 (N8-C8-C9-O10). Two thyroxine molecules bound in the deep forward orientation (see below) at two opposite binding sites of transthyretin (PDB code 1ICT 81 ). The transthyretin tetramer is shown as α-carbon wire with the subunits labeled and thyroxine molecules are shown in space-fill rendering. 82 The affinities of the two binding sites are widely different due to negative cooperativity. Deep Forward (DF), forward (F), and reversed (R) binding orientations of thyroxine to transthyretin as observed in the PDB files 1ICT, 2ROX, and 1Z7J, respectively. The colors indicate the binding pockets: inner (blue), middle (orange), and outer (magenta). For illustration the residues of 1ICT are shown in all cases (capped sticks). Thyroxine is depicted as atom-colored balls and sticks. Four skeleton conformations of studied ligands, illustrated using 3,3'-diodo-L-thyronine (compound 19, Table 1 ), derived from crystallographic conformation (conformation A, PDB file 1THA). Conformation B was obtained by flipping the phenolic ring by 180°; conformation C results from flipping the tyrosine ring by 180°; and conformation D was generated by flipping both phenolic and tyrosine rings by 180°. Atom color coding: carbongrey, nitrogen -blue, oxygen -red, iodine -purple. Multiple analyzed conformations of isobutyl, n-propyl, s-butyl, and benzyl substituents in compounds 3, 5, 6, and 10, respectively. Conformations are named as extended (e1 -blue, e2 -magenta) and folded (f1 -orange, f2 -green). Generation of multiple modes: (a) superposition of the complex structures (PDB files 1THA, 2ROX and 1Z7J), containing three binding orientation templates (DF orientation in magenta, F orientation in cyan, and R orientation in orange; the binding site amino acids in atom colors); (b) the three extracted templates; (c) the four skeleton conformations A, B, C, and D for the DF orientation, shown for 3,3'-diiodo-L-thyronine (19 in Table 1 ). Similar skeleton conformations were constructed for F and R orientations. Additional conformations were generated for alkyl-substituted compounds 3, 5, 6, and 10, to accommodate the increased potential for multiple binding modes of alkyl chains. Correlation of bound species prevalence and species fraction in the aqueous solution for studied ligands (the numbers correspond to those in Table 1 ). Species 1, 2, 3, and 4 (defined in Table 2 ) are referred to by black, red, green and blue colors, respectively. Contour map of the multi-species, multi-mode model. Green and yellow contours mark sterically favorable and unfavorable regions, respectively. In red and blue regions, positive and negative charges are favored, respectively. Key residues of the binding site are colored by atom type. Table 1 Studied thyroxine analogs: stereochemistry of the α-carbon C8, structures (Figure 1 Table 2 Individual species of thyroxine analogs (structures in n/a n/a Table 3 Deep forward, forward, and reverse binding orientations of thyroxine to transthyretin as documented by X-ray data, and characterized by the placement of iodine atoms in different binding pockets. Table 4 Characteristics of the twelve binding modes that were used for all compounds: in each binding orientation (DF, F, R; Figure 3 The numbers of single-species and multi-species multi-mode models satisfying the shown criteria. Table 6 Statistical indices for the CoMFA analyses differing in the number of considered species and modes. Table 7 The prevalences (%) of the twelve binding modes for studied ligands (eq 5). All species contributing to the given mode are included. To emphasize the differences among the deep forward, forward, and reverse orientations, the sums of prevalences for A, B, C and D conformations for each orientation are also shown. The significant (>10%) modes and orientations for individual compounds are printed in bold. Table 8 The prevalences (%) of the sixteen modes for compounds 3, 5 and 6 (eq 5) containing flexible alkyl substituent in position R Table 9 Prevalences (%) of the deep forward, forward, and reversed orientations (DF, F, and R, respectively) from experiments, the multi-species, multi-mode CoMFA model, and the single-species, multi-mode CoMFA model. a This includes both forward and reverse modes that could not be distinguished Table 10 The predicted binding prevalences (%) for four species, including contribution for each orientations from both multi-species, multi-mode CoMFA model. The letters F, DF, and R denote forward, deep forward, and reverse orientation, respectively. Compound 27 has 4 species but without the COOgroup.
Binding
The deamino compounds (23~26 and 28) with 2 species are listed separately. Species and orientations representing 10% and more of bound compounds are printed in bold. 
